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We theoretically show how to strongly couple the center-of-mass motion of a micromagnet in a
harmonic potential to one of its acoustic phononic modes. The coupling is induced by a combina-
tion of an oscillating magnetic field gradient and a static homogeneous magnetic field. The former
parametrically couples the center-of-mass motion to a magnonic mode while the latter tunes the
magnonic mode in resonance with a given acoustic phononic mode. The magnetic fields can be
adjusted to either cool the center-of-mass motion to the ground state, or to enter into the strong
quantum coupling regime. The center-of-mass can thus be used to probe and manipulate an acoustic
mode, thereby opening new possibilities for out-of-equilibrium quantum nanophysics. Our results
hold for experimentally feasible parameters and apply to levitated micromagnets as well as micro-
magnets deposited on a clamped nanomechanical oscillator.
In quantum optomechanics, coupling the mechanical
mode of a macroscopic object to a low entropy and nar-
row mode of the electromagnetic field has enabled ground
state cooling of micromechanical oscillators both in the
optical and in the microwave regime [1, 2]. In addition,
strong optomechanical coupling has allowed to generate
entanglement between micromechanical and electromag-
netic modes [3, 4], as well as entanglement between re-
mote micromechanical oscillators [5]. In this article, we
propose a novel approach to quantum optomechanics [6]
that does not require to couple the mechanical oscillator
to an electromagnetic field mode. Instead, we propose
to couple the micromechanical oscillator to its internal
quantum degrees of freedom.
Our proposal considers the center-of-mass motion of a
micromagnet, which is either levitated [7–11] or attached
to a micromechanical oscillator [12–16], see Fig. 1a.
In the presence of properly tuned magnetic fields, we
show how the inherent strong magnetoelastic coupling
in the micromagnet can be utilized to achieve an acous-
tomechanical coupling between the center-of-mass mo-
tion of the micromagnet and one of its internal acoustic
phononic modes. We show how both ground state cooling
and strong quantum acoustomechanical coupling can be
achieved with experimentally feasible parameters. Our
proposal thus establishes a method to probe and control
collective quantum excitations of a levitated nanoparti-
cle, thereby opening new possibilities for studying out-
of-equilibrium quantum nanophysics, such as, e.g. inter-
nal equilibration and radiative cooling with a levitated
nanoparticle [17].
We consider a spherical micromagnet of radius R
trapped in a harmonic potential, assumed non-magnetic
for simplicity. The micromagnet interacts with an ex-
ternal magnetic field, which has a homogeneous compo-
nent B0 = B0ez, and an oscillating gradient Bd(r, t) =
b(−xex + zez) cos(ωdt) with bR  B0 (Fig. 1b). The
Hamiltonian describing the dynamics of the relevant cou-
FIG. 1. a) & b) Schematic illustration of our proposal. c)
magnetoelastic coupling strength between the Kittel magnon
and the first 30 acoustic spheroidal modes with angular (az-
imuthal) mode number 2 (1) versus acoustic mode frequency.
The upper scale indicates the B0 needed to tune magnon
and phonon in resonance. All axes are normalized to be in-
dependent on the micromagnet radius R. Parameters cor-
respond to Yttrium-Iron-Garnet (YIG): ρm = 5170 kg/m3,
MS = 5.87× 105 A/m, |γ| = 1.76× 1011T−1s−1 [18, 19]
pled degrees of freedom of the micromagnet is given by
Hˆ(t)
~
= ωxbˆ†bˆ+ ωmsˆ†sˆ+ ωpaˆ†aˆ+ g
(
sˆ†aˆ+ sˆaˆ†
)
+Gx cos(ωdt)
(
sˆ† + sˆ
)
(bˆ† + bˆ). (1)
The first three terms describe, using bosonic operators,
the free dynamics of the center-of-mass motion along
the x-axis (bˆ), the magnonic mode (sˆ), and an acoustic
mode (aˆ) whose frequency is close to the magnonic mode
frequency. The fourth term corresponds to the magne-
toelastic coupling between the magnon and the acous-
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2tic phonon, whereas the last term describes the time-
dependent coupling between the magnon and the center-
of-mass motion due to the inhomogeneous drive Bd(r, t).
The Hamiltonian Eq. (1) is obtained as follows, see [20]
for further details. First, one quantizes spin waves in a
spherical micromagnet around the equilibrium point in-
duced by B0, employing the dipolar, isotropic, and mag-
netostatic approximations [19, 21–23], which are valid
for micromagnet sizes 10nm . R . mm. We focus on
the Kittel magnonic mode, which corresponds to a ho-
mogeneous magnetization precessing around the z−axis
with frequency ωm = |γ|B0, where γ is the gyromag-
netic ratio. Second, one quantizes linear elastic waves
in a sphere [24, 25], obtaining analytical expressions
for the acoustic modes with frequencies proportional to
R−1. Third, the magnetoelastic interaction is calcu-
lated [18, 26], and, for nano- and micrometer-sized mag-
nets, the leading contribution is of quadratic form. In ad-
dition, one obtains selection rules showing that the Kit-
tel mode only couples to acoustic phononic modes of the
family Sn21, that is, spheroidal modes with fixed angular
(azimuthal) mode index 2 (1) and arbitrary radial posi-
tive integer index n. By tuning B0 such that the Kittel
magnon frequency ωm is close to the resonance frequency
of an acoustic mode Sn21, and using the rotating wave
approximation, valid for sufficiently small coupling rate
and magnon-phonon detuning, the magnetoelastic inter-
action is described by the beam-splitter form given in
Eq. (1). The scaled coupling rate (g ∝ R−1/2) is shown
in Fig. 1c for n = 1, . . . , 30, which also evidences the
well-discretized spectrum of the acoustic phonons. Fi-
nally, the interaction between the center-of-mass motion
and the Kittel magnon, namely the last term in Eq. (1), is
obtained from the micromagnetic energy density term ac-
counting for the magnetic dipolar coupling with Bd(r, t).
Assuming the motional amplitude of the center of mass to
be much smaller than B0/b, the R−independent coupling
rate is given by Gx = bVMKx0/~, where V is the volume
of the micromagnet,MK =
√
~|γ|MS/2V the zero-point
magnetization of the Kittel magnon, with MS the satu-
ration magnetization [19, 23], and x0 = [2ρmV ωx/~]−1/2
the zero-point motion of the center-of-mass oscillation
along the x−axis, where ρm is the mass density [27].
The system dynamics is described by the master equa-
tion ρ˙ = (i~)−1[Hˆ, ρˆ] + L[ρˆ], where ρˆ is the density op-
erator and L[ρˆ] = Lm[ρˆ] +Lp[ρˆ] +Lx[ρˆ] accounts for the
unavoidable dissipation. Such dissipators, for j = m, p, x,
are given by Lj [ρˆ] = γj [(n¯j + 1)Loˆj + n¯jLoˆ†
j
], where
for compactness we define {oˆm, oˆp, oˆx} ≡ {sˆ, aˆ, bˆ} and
Loˆ[ρˆ] ≡ oˆρˆoˆ† − {oˆ†oˆ, ρˆ}/2. We have introduced the
decay rate γj and thermal occupation number n¯j =
(1 − exp [~ωj/kBTe,j ])−1, where kB is the Boltzmann
constant and Te,j the temperature of the thermal en-
vironment of each degree of freedom. The above mas-
ter equation is quadratic and can thus be solved exactly.
It is convenient to define mechanical and acoustic qual-
ity factors as Qx ≡ ωx/γx and Qp ≡ ωp/γp, respec-
tively. Experimental values for Qx exceed Qx & 108
both in nanofabricated resonators [28–31] and levitated
systems [32, 33]. Regarding Qp, unusually high values
(Qp ≈ 105 − 107) have been reported in millimeter-sized
Yttrim-Iron-Garnet (YIG) spheres [18, 34], but no mea-
surements have been performed for isolated micromag-
nets of the sizes considered in this article. However,
for sufficiently isolated mechanical microresonators, Qp
is known to be limited by indirect interactions with other
acoustic modes, and reaches values up to Qp & 5× 1010
[18, 35] when consecutive acoustic modes are far detuned
(&GHz). Therefore, one might expect values of Qp as
high as ∼ 1010 in our system.
To discuss the center-of-mass dynamics, it is conve-
nient to diagonalize the magnon-phonon Hamiltonian
through a Bogoliubov transformation ωmsˆ†sˆ + ωpaˆ†aˆ +
g
(
sˆ†aˆ+ H.c.
)
=
∑
α=1,2 ωαcˆ
†
αcˆα. The new normal modes
are hybrid magnon-phonon excitations given by cˆ1 =
(sˆ−χaˆ)/N and cˆ2 = −(χsˆ+ aˆ)/N , where N ≡
√
1 + χ2,
χ ≡ −2g/[∆ − (∆2 + 4g2)1/2], and ∆ ≡ ωm − ωp.
The phonon(magnon) fraction in mode cˆ1(cˆ2) is given
by (χ/N )2. Both the factor χ ∈ [0,∞) and the eigen-
frequencies 2ωα = ωm + ωp + (−1)α(∆2 + 4g2)1/2 are
fully tunable through the external field B0. In terms
of the normal modes and in the rotating frame Uˆ(t) =
exp(iωdt
∑
α cˆ
†
αcˆα), the Hamiltonian Eq. (1) reads
Hˆ
~
= ωxbˆ†xbˆx +
∑
α=1,2
∆αcˆ†αcˆα
+ (bˆ†x + bˆx)
∑
α=1,2
(Gxαcˆ†α + H.c.), (2)
after a rotating wave approximation and assuming ωd 
|Gx|/4, ωx. Here ∆α ≡ ωα − ωd, and the couplings are
renormalized to Gx1 = Gx/(2N ), and Gx2 = −χGx1. In
terms of the normal modes, the dissipators take the form
Lp[ρˆ]+Lm[ρˆ] = L12[ρˆ]+
∑
α=1,2(γα+Lcˆ†α [ρˆ]+γα−Lcˆα [ρˆ]).
The L12 term describes an incoherent interaction which
can be neglected, under a rotating wave approxima-
tion, for micromagnet radii R . 10µm [20]. The cor-
responding rates in the remaining terms are given by
γ1ξ = Γmξ + χ2Γpξ and γ2ξ = χ2Γmξ + Γpξ, with
Γmξ ≡ γm(n¯m + δξ−)/N 2 and Γpξ ≡ γp(n¯p + δξ−)/N 2.
Here ξ = +,− and δξξ′ is a Kronecker delta. We define
the linewidth of the mode cˆ1 (cˆ2) as γ1 ≡ (γm+γpχ2)/N 2
(γ2 ≡ (γmχ2+γp)/N 2). Note that in terms of the normal
modes, the center of mass is coupled to two independent,
largely detuned modes, as ∆1 −∆2 = 2(∆2 + 4g2)1/2 
ωx for typical mechanical frequencies. To maximize the
acoustomechanical interaction, the magnetic field param-
eters B0 and ωd are adjusted such that mode cˆ2 is in
resonance with the center of mass motion (∆2 = ωx)
and χ = 10−2, so that cˆ2 is mainly (≈ 99.99%) acous-
tic [36]. The associated decrease in the coupling between
3FIG. 2. Relevant acoustomechanical parameters for Qx = 108
versus acoustic quality factor Qp. The dependence with the
field gradient b has been factored out explicitly, so the fig-
ures are b−independent. a) Coupling (left) and mechanical
frequency (right) normalized to linewidth of mode cˆ2. b)
Single-phonon cooperativity C ≡ 4G2x2/γ2γx. In both pan-
els we fix χ = 10−2 by applying an external static field
B0 ≈ {5.4, 0.45, 0.018}T for R = {10, 102, 103}nm, respec-
tively.
cˆ2 and the center of mass, Gx2 ∝ χ, can be independently
compensated by increasing the field gradient b. In this
way, we form a quasi-two-mode acoustomechanical sys-
tem where the mechanical motion of the micromagnet is
coupled to the acoustic cˆ2 mode, which plays the role of
the electromagnetic mode in optomechanics [6].
In order to explore the physical regimes that our pro-
posed acoustomechanical system can achieve, we plot the
ratio |Gx2|/γ2 ∝ b in Fig. 2 (panel a, left axis), the ra-
tio ωx/γ2 (panel a, right axis), and the cooperativity
C ≡ 4G2x2/(γ2γx) ∝ b2 (panel b), as a function of the
acoustic quality factor Qp and for three values of the mi-
cromagnet radius R. Hereafter, we consider the lowest-
order (S121) phonon, material parameters for YIG, and
fix ωx = 2pi × 200kHz and γm = 2pi × 1MHz [37]. All
the quantities in Fig. 2 increase initially as a function
of Qp, as the linewidth γ2 ≈ γmχ2 + ωp/Qp is reduced,
and saturate for large Qp where γ2 → χ2γm becomes
magnon-limited. The system resides both in the resolved
sideband regime (ωx > γ2) and the high cooperativity
(C > 1) regime even at moderate Qp ∼ 106 and mag-
netic field gradients b ∼ 5T/m. The strong coupling
regime (|Gx2| > γ2) can also be attained for a wide
range of Qp and feasible gradients b ∼ 103 − 104T/m.
Moreover, the system can reach the strong quantum co-
operativity regime C/(n¯xn¯p) > 1 allowing for coher-
ent quantum state transfer between mechanical motion
and acoustic phonons [6]. Indeed, at cryogenic temper-
atures (Te,j = 100mK), the product n¯xn¯p < 104 and
FIG. 3. Steady-state center of mass occupation (Qx = 108)
versus acoustic quality factor, for R = 100nm (a) and R =
1µm (b) and three values of the magnetic gradient b. Solid
and dashed lines indicate results at room (Te,j = 300K) and
cryogenic temperatures (Te,j = 100mK) respectively. The
shaded area indicates the ground state cooling region 〈bˆ†bˆ〉ss <
1. The right axes indicate the steady-state center of mass
temperature (ωx = 2pi × 200kHz).
C/(n¯xn¯p) > 1 can be achieved for b ≥ 103T/m and
Qp & 106 for all radii in Fig. 2. At room temperature,
attaining such regime is more challenging and only feasi-
ble for small R at gradients & 104T/m. Fig. 2 highlights
that our acoustomechanical system can be tuned into the
resolved-sideband, the high-cooperativity, and either the
weak or the strong coupling regime with experimentally
accessible parameters. This versatility enables a range of
applications, which we will discuss in the following.
Efficient center-of-mass cooling can be achieved in
the resolved-sideband, high-cooperativity, and weak-
coupling regime [38–40]. By solving the quadratic master
equation exactly, the steady-state occupation of the cen-
ter of mass, 〈bˆ†bˆ〉ss, can be evaluated. Fig. 3a (Fig. 3b)
shows 〈bˆ†bˆ〉ss for R = 100nm (R = 1µm) at Qx = 108 and
different field gradients b, for both a room temperature
environment (Te,j = 300K, solid lines) and cryogenic con-
ditions (Te,j = 100mK, dashed lines). For small acoustic
quality factors, the cooling is inefficient as C < 1 (see
Fig. 2). When Qp increases above a certain value (which
depends on R and b, see Fig. 2) the C > 1 regime is
reached and center-of-mass cooling is observed. Notice
that ground-state cooling, 〈bˆ†bˆ〉ss < 1, is achieved for
both micromagnet sizes at Te,j = 100mK. For sufficiently
highQp, however, the cooling becomes less efficient as the
system enters the strong coupling regime [38–40]. The
lowest occupations in both panels of Fig. 3, i.e. the min-
ima of the green dashed lines, correspond to parameters
at which the mechanical sidebands are very well resolved
(ωx/γ2 ∼ 102, see Fig. 2), and thus cooling is limited
4FIG. 4. Power spectral density Sxx(ω), for Qp = 106,
Qx = 105, R = 100nm, and Te,j = 300K, at three differ-
ent values of the field gradient b. Left inset: peak splitting at
b = 104T/m, for different acoustic quality factors Qp. Right
inset: normalized power spectral density as a function of b
and detuning ω − ωx. The dashed lines indicate the function
Gx2(b).
by other factors. For R = 100nm, the lowest occupa-
tion 〈bˆ†bˆ〉ss,min ≈ 0.014 at b = 103T/m is cooperativity-
limited. It can, thus, be reduced by increasing either b
or Qx. In contrast for R = 1µm, 〈bˆ†bˆ〉ss,min ≈ 0.89 at
b = 103T/m is limited by the entropy of the acoustic
phonon bath through the phonon occupation n¯p, which
decreases with R due to the reduction of the acoustic
frequency. Note that further cooling is still possible in
this case by tuning the Kittel mode in resonance with a
higher order (lower entropy) acoustic phonon, see Fig. 1c.
The strong and tunable acoustomechanical interaction
also allows to probe the acoustic phonons by measuring
the mechanical displacement of the center of mass. Fig. 4
shows the power spectral density of the the center-of-
mass motion Sxx(ω) ≡ (2pi)−1
∫∞
−∞ dτ〈xˆ(0)xˆ(τ)〉sseiωτ ,
where xˆ ≡ x0(bˆ† + bˆ), for R = 100nm and moderate
quality factors Qx = 105 and Qp = 106. For these
parameters, ωx/γ2 ≈ 10 and |Gx2|/γ2 ≈ 10−4b (see
Fig. 2a). We distinguish the three possible regimes in
Fig. 4, namely the zero-coupling regime (b = 0), where
the single peak at ω = ωx and width γx ≈ 2pi×2Hz indi-
cates a freely evolving center-of-mass motion; the weak
coupling regime (b = 103T/m), characterized by a re-
duced peak, i.e. by cooling of the mechanical motion;
and the strong coupling regime (b = 104T/m), where the
peak splits into two [41]. The latter splitting is induced
exclusively by the mode cˆ2, i.e. by acoustic phonons,
as evidenced by the two insets of Fig. 4. In the left in-
set we observe how the signal increases with the acous-
tic quality factor, up to the magnon-limited saturation
point (Qp ∼ 109) (see also Fig. 2). The right inset
shows that the mode splitting is well approximated by
the function 2|Gx2(b)|. The strong coupling crossover
2|Gx2(b)|/γ2 = 1 is at b ≈ 5 × 103T/m for the chosen
parameters. Measuring the peak splitting due to center-
of-mass hybridizing with the acoustic mode requires to
resolve the thermal motion of the center-of-mass mode.
According to the results in Fig. 4, this lies well within the
sensitivity range of most state-of-the-art ultra-sensitive
micromechanical sensors [32, 42–46], which can even re-
solve motion on the quantum level [31, 47, 48]. Thus, the
acoustic-induced mode splitting is experimentally mea-
surable.
In conclusion, we have shown that the center-of-mass
of a micromagnet in a harmonic potential can be cou-
pled, in a strong and tunable way, to one of its inter-
nal acoustic phononic modes. The coupling mechanism
can be controlled by external magnetic fields and both
ground-state cooling and the strong quantum coupling
regime can be achieved. Such a quantum acoustomechan-
ical system opens many possibilities for further research:
(i) exploring the strong quantum cooperativity regime
to use an internal acoustic phonon as a quantum mem-
ory [35], (ii) cooling different acoustic phonons at dif-
ferent temperatures and probe how they equilibrate [17],
(iii) exploring the strong non-linear magnetoelastic inter-
actions to generate a non-linear hybrid magnon-phonon
mode. This mode can act as a qubit and can thus be
used to prepare the center-of-mass in a non-Gaussian
quantum state. Last but not least, in the context of lev-
itated nanoparticles, our work highlights the important
fact that nanoparticles are not point objects with only
external degrees of freedom, but complex particles with
internal degrees of freedom that can be harnessed in the
quantum regime.
C. G. B. acknowledges funding from the EU Horizon
2020 program under the Marie Skłodowska-Curie grant
agreement no. 796725. J. G. acknowledges support from
the European Union (SEQOO, H2020-MSCA-IF-2014,
no. 655369).
∗ carlos.gonzalez-ballestero@uibk.ac.at
[1] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S.
Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, K. W.
Lehnert, and R. W. Simmonds, Nature 475, 359 EP
(2011).
[2] J. Chan, T. P. M. Alegre, A. H. Safavi-Naeini, J. T.
Hill, A. Krause, S. Gröblacher, M. Aspelmeyer, and
O. Painter, Nature 478, 89 EP (2011).
[3] T. A. Palomaki, J. D. Teufel, R. W. Simmonds, and
K. W. Lehnert, Science 342, 710 (2013).
[4] R. Riedinger, S. Hong, R. A. Norte, J. A. Slater,
J. Shang, A. G. Krause, V. Anant, M. Aspelmeyer, and
S. Gröblacher, Nature 530, 313 EP (2016).
[5] R. Riedinger, A. Wallucks, I. Marinković, C. Löschnauer,
M. Aspelmeyer, S. Hong, and S. Gröblacher, Nature 556,
473 (2018).
[6] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt,
5Rev. Mod. Phys. 86, 1391 (2014).
[7] J. Prat-Camps, C. Teo, C. C. Rusconi, W. Wieczorek,
and O. Romero-Isart, Phys. Rev. Appl. 8, 034002 (2017).
[8] C. C. Rusconi, V. Pöchhacker, K. Kustura, J. I. Cirac,
and O. Romero-Isart, Phys. Rev. Lett. 119, 167202
(2017).
[9] P. Huillery, T. Delord, L. Nicolas, M. Bossche, M. Per-
driat, and G. Hétet, arXiv preprint arXiv:1903.09699
(2019).
[10] H. Barowski, K. M. Sattler, and W. Schoepe, J. Low
Temp. Phys. 93, 85 (1993).
[11] J. Druge, C. Jean, O. Laurent, M.-A. Méasson, and
I. Favero, New J. Phys. 16, 075011 (2014).
[12] J. A. J. Burgess, A. E. Fraser, F. F. Sani, D. Vick, B. D.
Hauer, J. P. Davis, and M. R. Freeman, Science 339,
1051 (2013).
[13] A. Vinante, G. Wijts, O. Usenko, L. Schinkelshoek, and
T. H. Oosterkamp, Nat. Commun. 2, 572 EP (2011).
[14] N. Shamsudhin, Y. Tao, J. Sort, B. Jang, C. L. Degen,
B. J. Nelson, and S. Pané, Small 12, 6363 (2016).
[15] R. Fischer, D. P. McNally, C. Reetz, G. G. T. Assumpção,
T. Knief, Y. Lin, and C. A. Regal, New J. Phys. 21,
043049 (2019).
[16] S. Kolkowitz, A. C. Bleszynski Jayich, Q. P. Unterreith-
meier, S. D. Bennett, P. Rabl, J. G. E. Harris, and M. D.
Lukin, Science 335, 1603 (2012).
[17] A. E. Rubio López, C. Gonzalez-Ballestero, and
O. Romero-Isart, Phys. Rev. B 98, 155405 (2018).
[18] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Sci. Adv.
2, e1501286 (2016).
[19] D. Stancil and A. Prabhakar, Spin Waves: Theory and
Applications (Springer US, 2009).
[20] C. Gonzalez-Ballestero et al, (To Appear) (2019).
[21] L. R. Walker, Phys. Rev. 105, 390 (1957).
[22] P. C. Fletcher and R. O. Bell, J. Appl. Phys. 30, 687
(1959).
[23] D. Mills, J. Magn. Magn. Mater. 306, 16 (2006).
[24] A. Eringen and E. Suhubi, Elastodynamics: Linear the-
ory, v. 2 (Academic Press, 1975).
[25] H. Lamb, P. Lond. Math. Soc. 1, 189 (1881).
[26] L. Landau and E. Lifshitz, Electrodynamics of Continu-
ous Media (Second Edition), 2nd ed. (Pergamon, Ams-
terdam, 1984).
[27] Note that, in the case of a micromagnet deposited on
a micromechanical oscillator, the mass ρmV should be
substituted by the effective mass of the oscillator.
[28] R. A. Norte, J. P. Moura, and S. Gröblacher, Phys. Rev.
Lett. 116, 147202 (2016).
[29] C. Reinhardt, T. Müller, A. Bourassa, and J. C. Sankey,
Phys. Rev. X 6, 021001 (2016).
[30] A. H. Ghadimi, S. A. Fedorov, N. J. Engelsen, M. J.
Bereyhi, R. Schilling, D. J. Wilson, and T. J. Kippen-
berg, Science 360, 764 (2018).
[31] D. Mason, J. Chen, M. Rossi, Y. Tsaturyan, and
A. Schliesser, Nat. Phys. (2019).
[32] J. Gieseler, L. Novotny, and R. Quidant, Nat. Phys. 9,
806 EP (2013).
[33] J. Gieseler, B. Deutsch, R. Quidant, and L. Novotny,
Phys. Rev. Lett. 109, 103603 (2012).
[34] R. C. LeCraw, E. G. Spencer, and E. I. Gordon, Phys.
Rev. Lett. 6, 620 (1961).
[35] G. S. MacCabe, H. Ren, J. Luo, J. D. Cohen, H. Zhou,
A. Sipahigil, M. Mirhosseini, and O. Painter, arXiv
preprint arXiv:1901.04129 (2019).
[36] Note that although the roles of cˆ1 and cˆ2 could be ex-
changed by tuning the former in resonance to the center
of mass and choosing a large χ, the present choice is pre-
ferred as it requires smaller fields B0 [20].
[37] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Us-
ami, and Y. Nakamura, Phys. Rev. Lett. 113, 083603
(2014).
[38] C. Genes, D. Vitali, P. Tombesi, S. Gigan, and M. As-
pelmeyer, Phys. Rev. A 77, 033804 (2008).
[39] F. Marquardt, J. P. Chen, A. A. Clerk, and S. M. Girvin,
Phys. Rev. Lett. 99, 093902 (2007).
[40] I. Wilson-Rae, N. Nooshi, W. Zwerger, and T. J. Kip-
penberg, Phys. Rev. Lett. 99, 093901 (2007).
[41] S. Gröblacher, K. Hammerer, M. R. Vanner, and M. As-
pelmeyer, Nature 460, 724 EP (2009).
[42] N. Rossi, B. Gross, F. Dirnberger, D. Bougeard, and
M. Poggio, Nano Lett. 19, 930 (2019).
[43] F. R. Braakman and M. Poggio, Nanotechnology 30,
332001 (2019).
[44] V. Jain, J. Gieseler, C. Moritz, C. Dellago, R. Quidant,
and L. Novotny, Phys. Rev. Lett. 116, 243601 (2016).
[45] G. A. Brawley, M. R. Vanner, P. E. Larsen, S. Schmid,
A. Boisen, and W. P. Bowen, Nat. Commun. 7, 10988
(2016).
[46] P. Weber, J. Güttinger, A. Noury, J. Vergara-Cruz, and
A. Bachtold, Nat. Commun. 7, 12496 (2016).
[47] E. E. Wollman, C. U. Lei, A. J. Weinstein, J. Suh,
A. Kronwald, F. Marquardt, A. A. Clerk, and K. C.
Schwab, Science 349, 952 (2015).
[48] F. Lecocq, J. B. Clark, R. W. Simmonds, J. Aumentado,
and J. D. Teufel, Phys. Rev. X 5, 041037 (2015).
